Asymmetry of electron and hole doping in YMnO 3
Bas B. Van Aken, Jan-Willem G. Bos The colossal magnetoresistance compounds based on doped LaMnO 3 exhibit metal-insulator transitions that are concurrent with ferromagnetic ordering. The electronic properties are determined by a competition between localization, caused by electron-phonon interaction and on-site Coulomb repulsion, and itinerancy caused by double exchange. 1 The electron-phonon coupling is most apparent from the Jahn- 3 The origin of the asymmetry is based on the balance between Jahn-Teller distortion, on-site Coulomb repulsion, and double exchange.
In this paper, we report on the asymmetry of hole and electron doping in the electronic properties of hexagonal YMnO 3 Resistivity measurements were done in a standard fourcontact setup, using a Keithley 236 instrument. This limits the measurable range to 10 G⍀ for two-point resistance. Magnetization is measured using a Quantum Design MPMS magnetometer. Single crystals were glued to a clean, glass rod. The perpendicular and parallel settings were achieved by orienting the planes of the platelets parallel and perpendicular to the rod, respectively.
Diffraction patterns of powder samples are obtained on a Philips PW1820 Bragg-Brentano diffractometer with secondary monochromator, using either Cu K␣ or Mo K␣ radiation. The patterns were analyzed with the GSAS software package.
12 The Rietveld refinement included profile parameters and sample height correction. We show in Fig. 1 the refined lattice parameters versus the nominal doping level. The lattice parameters a and c both decrease gradually with increasing Zr concentration, but the slope changes significantly above xϭ0.3. Rietveld refinement 12 of the x-ray diffraction ͑XRD͒ patterns was carried out to investigate both the doping dependencies of the atomic coordinates and possible mixed site occupancy. The refinement of the fractional coordinates of the ions gave no dependence on the substitution within the error bars. Models involving mixed site oc-cupancy show that for x up to 0.3 no unwanted mixing is present. However, the refinements of the samples with xϭ0.4 and xϭ0.5 improved significantly, resulting in 40% and 50% of Zr on the Mn site, respectively.
In the literature YMnO 3 is reported to order antiferromagnetically at ϳ80 K, but no temperature dependent properties are reported. 13 Our magnetization data on ceramic YMnO 3 are dominated by a ferromagneticlike ordering at 42 K. No sign of the antiferromagnetic ordering at ϳ80 K was observed. In Fig. 2 , we show the temperature dependence of the magnetization of YMnO 3 single crystals. An antiferromagnetic ordering can be observed at 75 K for the basal plane both parallel and perpendicular to the applied magnetic field. The susceptibility for H Ќ is higher than for H ʈ , where Ќ and ʈ refer to orientations with respect to the ab plane. The antiferromagnetic ordering cannot be observed in our ceramic samples, because of the few percent impurity phase of the ferrimagnetic spinel Mn 3 O 4 with T c ϳ42 K. 14 The high temperature data for the ceramic YMnO 3 show a linear dependence between the inverse susceptibility and the temperature. A fit to the Curie-Weiss law yields a Weiss temperature of Ϫ254 K and an effective moment of 4.5 B , somewhat smaller than the spin-only value expected for Mn 3ϩ ions, 4.90 B .
The crystal structure of the single crystals was determined by x-ray diffraction and is isomorphous with LuMnO 3 .
9 A schematic view of the structure, showing the pseudolayered nature of these crystals, is shown in Fig. 3 . Details of this investigation are published elsewhere. 15 In YMnO 3 the Mn-O distances along the c axis as well as in the ab plane are more similar than in LuMnO 3 . The ferroelectric moment, based on the structure refinement, of YMnO 3 is smaller than that of LuMnO 3 .
The ferroelectric properties originate from the noncentrosymmetric oxygen surroundings of the metal ions. The Mn ions are shifted in the ab plane, resulting in a triangular frustrated displacement. However, the displacement parallel to the c axis of all six Mn ions in the unit cell, with respect to the center of the trigonal bipyramid, is equal. Also, the Y ions have displacements along the c axis; four displacement vectors point up, the other two down. Our structure refinement indicates that the net polarization in zero external field is canceled through inversion twinning. 2 . Apparently the tolerance factor alone does not account for the stability regime of the perovskites. It is known that both the average ionic radius and the size difference, or variance , control the properties 16, 17 of perovskites. From these doping experiments, we conclude that not only the average values of the ionic radii but also the variance control the stability and existence range. In order to reduce the variance of the ionic radii a much smaller lanthanide was necessary, to enable Zr substitution on the lanthanide site.
It is known that the perovskite structure is stable down to a structure factor of tϭ0.85 for samples with ϭ0. 9 The hexagonal structure is stable under standard synthesis conditions for samples with tϽ0.85. For samples with Ͼ0, e.g., Gd 1Ϫx Y x MnO 3 , the hexagonal structure is stable at higher values than tϭ0.8517. 18 We chose to synthesize and dope YMnO 3 with Zr to ensure that our compounds would be hexagonal for all Zr doping levels. With r Zr 4ϩϭ 0.89 Å and r Y 3ϩϭ 1.075 Å this gives 0.85ϾtϾ0.82 for doping levels up to xϭ0. 3 .
Increasing the amount of Zr 4ϩ substituting for Y 3ϩ in YMnO 3 results in a clear decrease of the lattice parameters. This means that Zr is incorporated in the crystal structure. For the samples with xϽ0.3, no traces of other Zr containing oxides could be found with either XRD or energy-dispersive spectroscopy. The refinement of the occupation of the Mn site shows that Zr has not replaced Mn in the lattice. Furthermore, substituting for Mn with Zr would most likely increase the lattice parameters, as Zr 4ϩ is larger than Mn 2ϩ . Therefore, we conclude that we introduced tetravalent zirconium in the hexagonal form of YMnO 3 . Figure 2 shows the antiferromagnetic ordering in single crystals of YMnO 3 . From earlier neutron diffraction experiments, it is known that the spins are oriented in the ab plane. This agrees with the anisotropy of with Ќ Ͼ ʈ . We observe that ʈ does not go to zero for T→0, as expected for a conventional antiferromagnet, but remains finite. The value of ʈ can be ascribed to the in-plane response of the triangular frustrated magnetic structure as observed by neutron diffraction. 11 Due to the triangular spin structure of these compounds, ʈ always probes a contribution of the spins perpendicular to the applied magnetic field.
Measurement of the magnetization of powder samples shows ferromagnetic ordering at 42 K. However, the value of the magnetic moment is too low to suggest ferromagnetic or ferrimagnetic ordering of all Mn moments. This behavior is often seen in powder samples of YMnO 3 .
14 It was concluded that the magnetic transition originates from Mn 3 O 4 impurities. Mn 3 O 4 is ferrimagnetic with a spin of Sϭ2 ͑or 4 B ) per formula unit. This suggests that the ceramic YMnO 3 sample has a Mn 3 O 4 impurity of 4 at. %.
The Mn-O bonds in the ab plane form a trigonal network. Each oxygen ion links three Mn ions, and each Mn ion is surrounded, in plane, by three oxygens. The superexchange interaction between the Mn ions is antiferromagnetic. However, two neighboring Mn ions share one other Mn ion as nearest neighbor. This results in a frustrated configuration in the planes. The coupling between the layers is much weaker as the superexchange occurs via two oxygens. The large difference between the Weiss temperature ϭϪ254 K and T N ϭ75 K is attributed to the pseudo-two-dimensional character of this compound and to the frustration. The Weiss temperature signals strong antiferromagnetic coupling and T N is a measure of the long range magnetic order.
In contrast to Ca doping of h-YMnO 3 , 4 we observe upon Zr doping no measurable increase in the conductivity. All samples had two-point resistances of the order of 1 G⍀ or higher at room temperature, near the limit of our measurable range. In order to explain the different effects of electron and hole doping for the electronic conductivity, we calculated the crystal field splitting of the Mn 3d orbitals. We assume a simplified structure: Mn surrounded by a perfect equidistant trigonal bipyramid of oxygen ligands. We found a splitting of the 3d orbitals into three states. Since the crystal field in the trigonal bipyramid does not contain off-diagonal terms, the splitting is according to the absolute value of the magnetic quantum number. Consequently, the e g orbitals x 2 Ϫy 2 and 3z 2 Ϫr 2 are not degenerate as in the orthorhombic perovskites, but x 2 Ϫy 2 is degenerate with xy. The orbitals are filled assuming strong Hund's rule coupling. Both the xz and yz orbitals, which are directed between the oxygens, and the in-plane orbitals xy and x 2 Ϫy 2 are singly occupied in YMnO 3 , Mn 3ϩ (3d 4 ), whereas the orbital pointing to the two apical oxygens is empty.
Crystal field splitting of d levels can be interpreted as the result of a covalent interaction between metal d states and anion p states. Since the metal d states are usually higher in energy, the states of major d character form the antibonding states. The interaction increases with increasing energy and therefore the amount of anion p admixture also increases with increasing energy. Thus in a highly symmetrical structure the d bands derived from the crystal field split d states show a larger bandwidth the higher they are in energy.
In YMnO 3 , the situation is more complicated. Fig. 4 the calculated values for the magnetic moment are reported using the LSW method in the virtual crystal approximation. Since the size of the magnetic moment in these systems is not expected to be very dependent on the type of magnetic ordering, a simple ferromagnetic structure was assumed. The calculations show a similar trend but the decrease in magnetic moment is less than observed experimentally. The point at xϭ0.33 doping refers to a calculation not employing the virtual crystal approximation but replacing 1/3 of the Y by Zr. Since the value of the magnetic moment obtained in this calculation follows the trend of the values for smaller doping, the virtual crystal approximation is not responsible for the small deviations between theoretical and experimental results.
In this simplified picture, we do not have a strong electron-phonon coupling via the Jahn- 
